ABSTRACT: This letter presents the experimental results of a novel planar antenna design which is synthesized using simplified composite left/right-handed transmissionline (SCRLH-TL), which is a version of a conventional composite left/right handedtransmission-lines (CRLH-TL), however, with the omission of shunt-inductance in the unit-cell. SCRLH-TL exhibits a right-handed response with nonlinear dispersion properties and a smooth Bloch-impedance distribution. Arranged within the inner slot of the antenna are three smaller rectangular patch radiators. Each patch radiator is embedded with an E-shaped notch, and located in the antenna conductor is a larger E-shaped notch next to the 50-X termination. The E-shaped notches constitute SCRLH-TL property. The gap in the slot between the smaller patches and the conductor next to the larger E-shaped notch determines the impedance bandwidth of the antenna. The dimensions of the smaller patches determine the radiation characteristics of the antenna. The antenna is excited using a conductor-backed coplanar waveguide transmission-line. The antenna covers a bandwidth of 7.3 GHz between 0.7 GHz and 8GHz, which corresponds to 167.81%. In this band, the antenna resonates at 4.75 GHz and 7 GHz; the gain and radiation efficiency at these frequencies are 4 dBi-80% and 3.6 dBi-73%, respectively. The antenna's performance was validated through measurement. The antenna has dimensions of 0.0504k 0 3 0.0462k 0 3 0.0018k 0 , where k 0 is freespace wavelength at 700 MHz. V C 2016 Wiley Periodicals, Inc. Int J RF and Microwave CAE 00:000-000, 2016.
I. INTRODUCTION
Composite left/right handed (CRLH) transmission-lines (TLs) have been extensively investigated over the past several years [1] . Various microwave antennas have been developed based on CRLH-TLs for wireless communications [2] [3] [4] [5] , which include techniques to enhance antenna bandwidth and radiation characteristics [6] [7] [8] . In addition, the emergence of the simplified composite left/righthanded transmission-line (SCRLH-TL) and its application in antenna design has resulted in antennas with wide bandwidth, good radiation patterns, and compact structures that can be easily fabricated using conventional techniques [9] [10] [11] . Unlike CRLH-TL, the SCRLH-TL resonates at zeroth and positive modes rather than negative order modes due to the absence of left-handed capacitance or inductance. When radiating at positive modes, the antenna achieves a higher efficiency than radiating at the zeroth and negative modes. This feature makes SCRLH-TL a good candidate for designing UWB antennas that have a small physical footprint.
In this article, a new compact UWB antenna is proposed that is based on SCRLH-TL technology. The rectangular antenna comprises a slot within which are included three rectangular radiating patches in a parallel arrangement. The patches include E-shaped notches. The antenna is fed through a conductor-backed coplanar feedline and is terminated in a 50-X load that is shorted to the ground-plane using a via-hole. A larger E-shaped notch is embedded in the antenna in close proximity to the 50 X termination. The dimensions of the three patches have a considerable influence on the radiation characteristics of the antenna. In addition, the slot gap between the inner patches and the outer conductor is analogous to a series left-handed capacitor (C L ), and it determines the impedance bandwidth of the antenna. The proposed antenna structure constitutes a simplified composite right/lefthanded transmission-line. Finally, the conductor-backed coplanar waveguide feed-line supports easy integration with wireless communication systems.
II. ANTENNA STRUCTURE AND DESIGN APPROACH
The configuration of the proposed rectangular antenna, shown in Figure 1 , consists of an inner slot in which three smaller rectangular patches are included. Embedded on each patch is an E-shaped notch. The antenna is excited on the left-hand side through a conductor-backed coplanar waveguide (CPW) transmission-line, and the antenna is terminated on the right-hand side with a grounded 50-X load. The resistive load minimizes unwanted reflections to improve the radiation characteristics of the antenna as shown in Section III. A larger E-shaped notch is included in the antenna next to the 50-X load, which exhibits SCRLH-TL property as described in Ref. 9 . The slot gap between the inner patches and the outer conductor, where the larger E-shaped notch is located, represents the lefthanded capacitance (C L ), so that, together with the smaller notches, it determines the impedance bandwidth of the antenna. Moreover, the number of smaller rectangular patches and their dimensions actually determine the antenna radiation characteristics. A sample antenna is fabricated on Rogers RO4003 substrate, with a thickness (h) of 0.8 mm, dielectric constant (e r ) of 3.38 and tan d of 22 3 10
24
.
To verify the proposed antenna design and optimize the antenna structure three full wave simulators, i.e. of Agilent Advanced Design System (ADS), High Frequency Structure Simulator (HFSS), and CST Microwave Studio (CST-MWS) were employed. The simulation results were validated with the measured ones.
The configuration of the E-shaped notch was obtained via simulation analysis. As it will be shown later, the dimensions of the inner patch arms determine antenna gain and efficiency. The unit cell of proposed structure without left-handed inductance (L L ) and its corresponding distributed microstrip structure are shown in Figures 2a and 2b , respectively. In Figure 2 , the expressions relating lumped components and distributed microstrip parameters are given in Ref. 9 , which are used to design the SCRLH structure. The expressions are here repeated for completeness:
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where W and l represent the width and length of the microstrip line, respectively; and h and e r represent the thickness and relative permittivity of the substrate, respectively. The E-shaped structure employed here is shown in Figure 2b . Based on the resonance frequencies of this structure the initial values of C L , C R , and L R can be obtained from the dispersion relation of the SCRLH-TL. This is determined by applying the periodic boundary conditions related to the Bloch-Floquet theorem, given by:
SCRLH-TL without CL or LL; Here; without LL YðxÞ5jðxC R Þ (5) where Z and Y represent the unit cell's series impedance and shunt admittance, respectively. L R is the series righthanded (RH) inductance, and C R is the shunt RH capacitance. By substituting Eq. (4) and (5) into Eq. (3), the dispersion relation is given by: Figure 3 shows the dispersion diagram of the antenna based on SCRLH-TL as determined by HFSS using Eq. (6).
In the SCRLH-TL structure, the negative order modes vanish with the absence of left-handed capacitance or inductance. Hence, the electrical size of the SCRLH-TL structure can be reduced by increasing C L , L R , and C R . This can be achieved by adjusting the structure dimensions. An optimization technique has been adopted within ADS, HFSS, and CST-MWS commercial tools, leading to the final size of the structure. The resulting antenna dimensions are annotated in Figure 1 , and the corresponding values of the lumped elements are: C L 5 8.2 pF, L R 5 5.8 nH, and C R 5 5.1 pF.
The antenna was then fabricated by using standard manufacturing techniques, and its performance measured. The physical dimensions of the antenna are: 21.6 3 19.8 3 0.8 mm The efficiency of the antenna was measured in an anechoic chamber by feeding power to the proposed antenna and measuring the radiated electromagnetic field in the surrounding space. Efficiency was computed by taking the ratio of the radiated power to the input power of the antenna. Antenna gain was measured by using the standard gain comparison technique, where pre-calibrated standard gain antenna was used to determine the absolute gain of the antenna under test.
The effect of the slot gap between the three patches and the outer conductor next to the larger E-shaped notch is shown in Figure 4 . The simulation reveals that the slot's length and width have a major effect on the antenna's impedance bandwidth. In fact, as it can be observed, the bandwidth improves significantly with a smaller length and width of the slot gap.
The measured and simulated reflection-coefficients of the proposed antenna are shown in Figure 5 . The bandwidth criterion is based on the condition S 11 < 210 dB. Three different simulation tools were used to determine the impedance bandwidth of the antenna. HFSS and CST are 3D EM simulators based upon different computational techniques. HFSS is based on Finite Element Method (FEM) while CST is based upon Finite Integration in Technique (FIT). However, ADS is a 2.5D EM simulator based upon Method of Moment (MoM). Simulation results from ADS predict the impedance bandwidth to be 7.44 GHz (0.8 GHz-8.24 GHz), while CST-MWS predicts a bandwidth of 7.88 GHz (0.4 GHz-8.28 GHz), and finally HFSS estimates it to be 7.65 GHz (0.55 GHz-8.2 GHz). As expected the correlation between HFSS and CST is excellent. The fractional bandwidth with ADS, CST-MWS, HFSS measurement are 164.6%, 181.6%, 174.9, and 167.8%, respectively. The measured impedance bandwidth is 7.3 GHz (0.7 GHz-8 GHz), which confirm the ultra-wideband operation of the antenna. Figure 5 clearly shows that the antenna exhibits two resonance frequencies at 4.15 GHz and 6.8 GHz (ADS), 4.03 GHz and 6.68 GHz (CST-MWS), and 4 GHz and 6.6 GHz (HFSS), while the measured values are 4.75 GHz and 7 GHz. Measured results in Figure 5 surprisingly show the antenna response to be closer to ADS simulation. This is attributed to errors in the manufacturing process employed to fabricate the antenna.
Current distributions of the antenna at its resonance frequencies of 4.75 GHz and 7 GHz are plotted in Figure  6 . It is evident that current distributions are symmetric with respect to the symmetry line containing the feed.
The antenna is fed through a standard SMA connector that can cause an imbalance flow of current on the outer conductor of the antenna which can adversely affect the antenna's radiation properties. To circumvent such potential problems, three smaller patches have been introduced in the inner slot of the antenna. One of the three patches (middle) is excited, while the other two act as parasitic elements. These patches essentially concentrate the electromagnetic fields near antenna structure instead of spreading it over the antenna's ground-plane, which would otherwise contributes toward unwanted coupling thus degrading the overall performance of the antenna. Figure 7 shows that a larger number of patches can significantly improve the antenna's bandwidth and gain properties. In this plot, the antenna has been implemented on a Rogers RO4003 substrate with total dimensions of about 20 3 20 mm 2 . Within this size, the maximum number of inner patch arms was restricted to three. The resulting antenna gain and radiation efficiency at its operating frequency range are given in Table I .
The radiation patterns of the antenna were simulated using ADS, CST-MWS, and HFSS. The simulated and measured radiation patterns are shown in Figure 8 at the two resonance frequencies.
At the two resonance frequencies, the antenna radiates in dipole-like pattern with a large coverage angle. The simulated and measured gains of the antenna are shown in Figure 9 . The measured gain is higher than 1.2 dBi between 0.7 and 9 GHz, with a maximum gain of 4.2 dBi recorded at 4.8 GHz.
The proposed antenna, which is loaded with SCRLH-TL unit cells, is compared with similar antennas reported to date in Table II . The proposed antenna exhibits the largest fractional bandwidth and highest efficiency. It has the second highest gain and its relatively small size is comparable to most previous works. These results clearly confirm the antenna is great candidate for ultra-wideband communication systems.
III. PARAMETRIC STUDY ON 50 X IMPEDANCE
A. 50-X Load Effect on the Antenna Bandwidth The antenna's reflection-coefficient with and without 50-X load is shown in Figure 10 . It can be observed from Figure 10 the 50-X load improves the impedance matching and the impedance bandwidth from 131.8% (without 50 X loading) up to 164.6% (with 50 X loading). Excellent matching is observed close to the two resonance frequencies of the antenna, at 4.8 and 7 GHz, thus enabling effective radiation at the resonance frequencies. These results are presented in Table III. B. SMD Load Effect on the Radiation Performance Antenna gain and efficiency with and without 50X impedance loading are plotted in Figure 11 and tabulated in Table IV . These results show a small improvement is achieved with loading.
IV. CONCLUSIONS
SCRLH-TL approach was used to develop a compact UWB antenna. SCRLH-TL structure was realized by including E-shaped notches in the radiating patches. Its radiative elements are contained within two regions: the first one is composed by three E-shaped notches organized as three cascaded arms that are carved on three radiation patches inside a gap area; the second region, containing the SCRLH-TL structure, is realized by a fourth E-notch with larger size, which is carved outside the gap area. A sample antenna with miniaturized dimension of 21. k 0 at 8 GHz higher frequency) has been designed, manufactured, and tested. It operates over a wide bandwidth of 7.3 GHz between 0.7 GHz and 8 GHz, which corresponds to 167.81% fractional bandwidth. The antenna exhibits a minimum gain and radiation efficiency of 1.2 dBi and 50%, respectively, at 0.7 GHz for integration in radiation systems for ultra-wideband applications. According to simulated and measured results, the proposed antenna with its small size demonstrates a very good potential for applications in ultra wideband wireless communication systems. Figure 11 Antenna gain and efficiency with and without 50-X ohm impedance loading simulated as a function of frequency. 
